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Axion-Polariton in dense quark matter: a solution to the missing pulsar problem
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Dept. of Physics and Astronomy, Univ. of Texas Rio Grande Valley, 1201 West University Dr.,
Edinburg, TX 78539 and CUNY-Graduate Center, New York 10314, USA
We propose a mechanism to solve the missing pulsar problem, a puzzle created by the failed
expectation to observe a large number of pulsars within the distance of 10 pc of the galactic center.
Pulse observations of the magnetar SGR J1745-2900 indicate that magnetar formation should be
efficient in the center of the galaxy, so the low abundance observed in the region underlines that some
suppression effect must be operating that leads to short-lived magnetars. The proposed mechanism
is based on the idea that if magnetars created in the galaxy center are hybrid stars with a core
of quark matter in the so-called magnetic dual chiral density wave phase, their exposure to γ-ray
burst radiation produce hybridized modes of photons and axions, known as axion-polaritons, which
contribute to the magnetar mass and induce its collapse into a black hole.
PACS numbers: 12.38-t, 95.85.Pw, 97.60.Gb, 98.35.Jk
Introduction. Neutron stars (NS) are the most suit-
able laboratories, and so far the only ones, to probe the
physics of very dense QCD. If densities of a few times the
saturation density are reached at the star core, quarks
can be freed from hadrons and restructure themselves
into new quark phases. Besides being some of the dens-
est objects in nature, NS typically exhibit very strong
magnetic fields. The largest surface magnetic fields have
been observed in magnetars where they reach 1012-1015G.
Inner fields depend on the core composition and their
maximum values have been roughly estimated to be 1017-
1018G for nuclear matter [1], and 1019-1020G for quark
matter [2].
In recent years, intense efforts have been dedicated to
use the newly found richness of observables in the multi-
messenger era of astronomy to constraint the inner com-
position of NS [3]. These studies are complemented by
others aimed to connect star composition with possible
explanations of existing astrophysical puzzles. The goal
of this paper is aligned with the latter line of studies.
In this paper, we propose a mechanism to solve the
missing pulsar problem in the galactic center (GC) based
on the properties of matter-light interaction in the cores
of the NS that form in the region. The missing pulsar
problem is an open problem in astrophysics that refers
to the contradiction between observations and the widely
shared expectation that the central parsec should host a
large NS population. For instance, Ref. [4] predicted
that ∼ 100− 1000 pulsars should have a semi-major axis
. 0.02 pc from the GC black hole Sgr A∗. Nevertheless,
after several deep radio surveys, no ordinary pulsars have
been detected to date [5].
Our proposed solution is based on having NS cores
with quark matter in the spatially inhomogeneous phase
known as magnetic dual chiral density wave (MDCDW)
[6]-[8]. Spatially inhomogeneous quark-matter phases
have long been argued to be favored over the chirally
restored phase at intermediate densities, i.e. densities
large enough for the system to be on the quark phase,
but small enough to support nonperturbative interac-
tions. Inhomogeneous chiral phases have been found in
the large-N limit of QCD [9, 10], NJL models [11]-[14],
and quarkyonic matter [15]. The MDCDW phase is of
particular interest for various reasons. First, it is formed
by particle-hole pairs and as such, it is not subject to the
Fermi surface stress that affect color superconductivity at
intermediate densities [16]. Second, it lacks the Landau-
Peierls instability [17] that usually destroys long-range
correlation in single-modulated phases in 3-dimensional
systems. And third, it is compatible with the observed
2M⊙ in NS [18].
As it will become clear below, the essence of the pro-
posed mechanism is based on having magnetars with
cores of quark matter in the MDCDW phase and the
abundance of gamma ray bursts (GRB) in the GC [19]-
[20]. These two conditions favor the production of hy-
bridized modes in the core of the star eventually inducing
its collapse into a black hole.
Axion Polariton in Dense Quark Matter. The
MDCDW phase of dense quark matter occurs at inter-
mediate baryon densities in the presence of a magnetic
field B0 and is characterized by a particle-hole conden-
sate −2G[〈ψ¯ψ〉 + i〈ψ¯iγ5τ3ψ〉] = m exp(iqz), with mod-
ulation q parallel to B0 [6]. This phase exhibits several
topological effects. They include a lowest-Landau-level
anomalous contribution to the free energy that signifi-
cantly enhances the window of inhomogeneity [6], and a
chiral-anomaly contribution e
2
8pi2
qz
2
Fµν F˜
µν that leads to
anomalous electric transport [8].
The fluctuations of the MDCDW order parameter
M(z) = meiqz are driven by a phonon field u(x),M(z)→
M(z+u(x)). If one ignores light-matter interactions, the
low-energy theory of these fluctuations can be described
by
L1 =
1
2
[(∂0θ)
2 − v2z(∂zθ)
2 − v2⊥(∂⊥θ)
2], (1)
with pseudoscalar field θ = qmu(x), and parallel (v2z)
and transverse (v2⊥) phonon group velocity squares being
functions of B0, the quark chemical potential µ and the
temperature T [17].
2Adding photons to the mix adds light-matter interac-
tion contributions besides a Maxwell term
L2 =
κ
8
θ0(x)Fµν F˜
µν+
κ
8
θ(x)Fµν F˜
µν−
1
4
FµνF
µν+JµAµ.
(2)
Here κ = 2α
pim
. The two first terms in (2) are axial anoma-
lies with axion field θ0(x) = mqz and its phonon fluctu-
ation θ(x). The last term is the current term obtained
after integrating out the fermions in the original MD-
CDW effective action [8].
To explore light-matter interaction effects we now as-
sume that a linearly polarized electromagnetic wave with
electric field parallel to the background magnetic field B0
propagates in the MDCDW medium. The combined La-
grangian L = L1 + L2 of the photon and phonon fields
effectively describes the low-energy theory of an axion
field θ(x) nonlinearly interacting with the photon via the
chiral anomaly. The field equations of this theory are:
∇ · E = J0 + κ
2
∇θ0 ·B+
κ
2
∇θ ·B, (3)
∇×B− ∂E/∂t = J− κ
2
(∂θ
∂t
B+∇θ ×E), (4)
∇ ·B = 0, ∇×E+ ∂B/∂t = 0 (5)
∂2
0
θ − v2z∂
2
zθ − v
2
⊥∂
2
⊥θ +
κ
2
B · E = 0 (6)
For application to NS, we should consider a neutral
medium, hence we assume that J0 contains an electron
background charge that ensures overall neutrality. In the
presence of a static and uniform background magnetic
field, the coupling between the axion and the photon is
linear. Thus, the linearized field equations lead to
∂2E
∂t2
= ∇2E+ κ
2
∂2θ
∂t2
B0 (7)
∂2θ
∂t2
− v2z
∂2θ
∂z2
− v2
⊥
( ∂
2θ
∂x2
+ ∂
2θ
∂y2
) + κ
2
B0 · E = 0. (8)
Their solutions describe two hybrid modes known in
the condensed-matter literature as axion polaritons (AP)
[21]. Polaritons are hybridized propagating modes that
emerge when a collective mode is linearly coupled to a
photon.
The dispersion relations of the hybrid modes are
ω2γ = A−B, ω
2
AP = A+B (9)
with
A =
1
2
[p2 + q2 + (
κ
2
B0)
2], (10)
B =
1
2
√
[p2 + q2 + (
κ
2
B0)2]2 − 4p2q2, (11)
and q2 = v2zp
2
z + v
2
⊥p
2
⊥. We identify the massless mode
ωγ as the rotated photon mode in the medium and
reserve the term axion polariton from now on to de-
scribe the massive mode ωAP with field-dependent mass
mAP = αB0/pim. Hence, when linearly polarized electro-
magnetic waves penetrate the star core, they propagate
via these two modes. Similarly coupled modes of ax-
ion and photon have been found in topological magnetic
insulators [21], underlining once again the striking simi-
larities between MDCDW quark matter and topological
materials in condensed matter.
Missing Pulsar Problem. The Milky Way GC is a
very active astrophysical environment with numerous γ-
ray emitting point sources [19]. Extragalactic sources of
GRB show an isotropic distribution over the whole sky
flashing with a rate of 1000/year. The energy output of
these events is ∼ 1056 MeV, with photon energies of order
0.1− 1 MeV [20], meaning that each one of these events
can produce at least 1056 photons. If we assume that
only 10% of these photons reach the star core, which is
a conservative estimate if the star is in the narrow cone
of a GRB beam, about 1055 of those photons can reach
the star.
Considering that the mass of the axion polariton mAP
can be estimated to be of order 0.8 MeV for parame-
ters µ = 350 MeV, B0 = 5 × 10
18 G and m = 89 MeV
taken from [6], one can gather that the most energetic
of the 1055 photons reaching the core will propagate in-
side as polaritons. The conversion of a large number of
γ-photons into axion polaritons in the NS core can be
realized through the so-called Primakoff effect [22]. This
effect states that thanks to the anomalous two-photon
vertex, a photon in the presence of a background mag-
netic field can transform into an AP field. Such a trans-
formation can in turn affect the total star mass and could
eventually lead to the star collapsing into a black hole.
To explore this possibility, we should consider the Chan-
drasekhar limit that determines the number of AP re-
quired to induce the collapse. For boson particles this
limit is given by [23, 24]
NChAP =
(
Mpl
mAP
)2
= 1.5× 1046
(
10MeV
mAP
)3
(12)
where Mpl = 1.22× 10
19 GeV is the Planck scale. Using
mAP = 0.8 MeV, we find N
Ch
AP = 2.9× 10
49. This means
that if just 10−4% of the photons reaching the core has
energy > 0.8 MeV, they will generate enough number of
axion polaritons to produce the collapse.
Another important fact to consider is whether the
axion-polaritons, created by γ-photons in the energy
range of 0.8 − 1 MeV, can be gravitationally trapped.
This can be gathered by comparing the escape velocity
of the star with the velocity the axion-polariton can gain
from photons
vAP /c =
√
1−
(
mAP c2
Eγ
)2
, (13)
which gets a maximum value for Eγ = 1 MeV. Using
mAP c
2 = 0.8 MeV we obtain vAP = 0.6c, which is
below the escape velocity ∼ 0.8c found from ve/c =√
2GMstar/c2Rstar for a star with Mstar = 2M⊙ and
Rstar = 10 km. Therefore, even the most energetic axion-
polaritons cannot escape. Using Mstar = 2M⊙ in this
3calculation was motivated by recent indications [25] that
the heaviest neutron stars, with masses ∼ 2M⊙, should
have deconfined quark-matter in their cores. Such a con-
clusion was reached through a combination of astrophys-
ical observations and theoretical ab initio calculations in
a model-independent way [25], and it was consistent with
the most reliable up-to-date observations of heavy pulsars
masses in the interval (1.9282M⊙ − 2.14M⊙) [26]. The
same study concluded that a hadron phase is compatible
with more standard NS with Mstar ∼ 1.4M⊙.
Our results provide a plausible explanation for the
missing pulsar problem in the galaxy center. As men-
tioned above, the mixing pulsar problem refers to the
failed expectation to observe a large number of pulsars
within the distance of 10 pc of the galaxy center. The-
oretical predictions have indicated that there should be
more than 103 active radio pulsars in that region [27],
but these numbers have not been observed. This paradox
has been magnified by pulse observations of the magne-
tar SGR J1745-2900 detected by the NuSTAR and Swift
satellites [28]-[29]. These observations revealed that the
failures to detect ordinary pulsars at low frequencies can-
not be simply due to strong interstellar scattering, but
to an intrinsic deficit produced by other causes. Further-
more, as pointed out in [5], the detection of the young
(T ∼ 104 yr) magnetar SGR J1745-2900 implies high ef-
ficiency for magnetars formation from massive stars in
the GC, because it will be barely probable to see a mag-
netar unless magnetar formation is efficient there. It was
then argued that the efficiency in magnetar formation
can be elicited by an unusual progenitor population in
the galaxy center, and that the missing pulsar problem
can be explained as a consequence of a tendency to cre-
ate short-lived magnetars rather than long-lived ordinary
pulsars.
The AP mechanism proposed in this paper can be the
basis for a plausible short life-time magnetar scenario,
since the existence of an inner magnetic field in this com-
pact objects is crucial for several reasons: first of all, be-
cause a backgroundmagnetic field is essential to make the
MDCDW phase stable against thermal fluctuations [17],
second, because in the creation of the APs through the
Primakoff effect the magnetic field also plays a fundamen-
tal role, and third, because the AP mass is proportional
to it. All these facts, together with the intense γ-ray
activity in the galaxy center, guarantee the conditions
needed for the collapse of those short-lived magnetars.
Concluding Remarks. In conclusion, we have shown
that if magnetars are created in the GC as hybrid stars
with a core of quark matter in the MDCDW phase, the
bombardment of these stars with (0.1-1)-MeV photons
from γ-ray bursts, generate enough AP to eventually pro-
duce a star collapse. This scenario can serve to explain
the missing pulsar problem in the galaxy center.
It should be mentioned an alternate scenario that has
been suggested to explain the missing pulsar problem
[30]. According to it, the capture of enough ambient
dark matter (DM) by the pulsar, can produce its col-
lapse into a black hole. The idea is that once the DM
inside the star is thermalized at the NS temperature, it
starts to sink into the star center. When the agglomera-
tion exceeds certain critical mass, a mini black hole can
be formed at a small central radius. Once the mini black
hole is formed, it can promptly consume the whole star,
leaving behind a black hole.
We underline that for this DM-collapse scenario to
work, the DM density profile should satisfy a very re-
strictive constraint as pointed out in [31]. Since the DM
capture rate is proportional to the ambient DM density,
to collapse a pulsar at a galacto-centric radius of r = 1
pc within 106 yr, while living intact to survive for more
than 1010 yr the NS in the solar system neighborhood
(i.e. at r ∼ 104 pc), an increase of the DM density in a
factor of at least of 104 in that radial range is needed.
As highlighted in [31] and also noticed in [32], the DM-
induced collapse scenario is intrinsically unlikely because
it will constraint DM to a very stringent parameter space.
On the other hand, the AP scenario proposed in this pa-
per only relies on the existence of massive magnetars at
intermediate densities with MDCDW quark cores, and
on a high γ-burst activity in the GC, which is a well es-
tablished observational fact [33]. We recall that after the
discovery of the young magnetar SGR 1745-2900 with a
projected offset of only 0.12 pc from the GC, it was ar-
gued that the detection of such a magnetar should not
have been expected unless magnetar formation is effi-
cient in the GC with an order unity efficiency [5]. More-
over, there is evidence that several magnetars are associ-
ated with massive stellar progenitors (M > 40M⊙) [34],
which support the idea that magnetars formed in the GC
are very massive compact objects that can sustain quark
matter cores. All these elements combined favor the AP
mechanism proposed in this paper.
Acknowledgments: The work of EJF and VI was
supported in part by NSF grant PHY-2013222.
[1] L. Dong and S. L. Shapiro ApJ. 383 (1991) 745; E. J.
Ferrer and A. Hackebill, Phys. Rev. C 99 (2019) 065803;
Universe 5 (2019) 104.
[2] E. J. Ferrer, V. de la Incera, J. P. Keith, I. Portillo and
P. L. Springsteen, Phys. Rev. C 82 (2010) 065802; L.
Paulucci, E. J. Ferrer, V. de la Incera, and J. E. Horvath,
Phys. Rev. D 83 (2011) 043009.
[3] Special Issue: Compact Stars in the QCD Phase Diagram
and in the Multi-Messenger Era of Astronomy, Editors:
Vivian de la Incera, Efrain Ferrer, Jim Lattimer, and
David Blaschke, Universe (ISSN 2218-1997), May 2019.
[4] E. Pfahl and A. Loeb, Astropys. J. 615 (2004) 253.
[5] J. Dexter and R. M. O’Leary, ApJL 783 (2014) L7.
[6] I. E. Frolov, V. Ch. Zhukovsky and K. G. Klimenko,
4Phys. Rev. D 82 (2010) 076002.
[7] T. Tatsumi, K. Nishiyama and S. Karasawa, Phys. Lett.
B 743 (2015) 66.
[8] E. J. Ferrer and V. de la Incera, Phys. Lett. B 769 (2017)
208; Nucl. Phys. B 931 (2018) 192; Universe 4 (2018) 54.
[9] D. V. Deryagin, D. Y. Grigoriev and V. A. Rubakov, Int.
J. Mod. Phys. A 7 (1992) 659; E. Shuster and D. T. Son,
Nucl. Phys. B 573 (2000) 434; B.-Y. Park et. al, Phys.
Rev. D 62 (2000) 034015.
[10] R. Rapp, E. Shuryak, and I. Zahed, Phys. Rev. D 63
(2001) 034008; N. V. Gubina et. al, Phys. Rev. D 86
(2012) 085011.
[11] E. Nakano and T. Tatsumi, Phys. Rev. D 71 (2005)
114006.
[12] D. Nickel, Phys. Rev. D 80 (2009) 074025; Phys. Rev.
Lett. 103 (2009) 072301.
[13] S. Carignano, D. Nickel, and M. Buballa, Phys. Rev. D
82 (2010) 054009.
[14] H. Abuki, D. Ishibashi, and K. Suzuki, Phys. Rev. D 85
(2012) 074002; B. Feng, E. J. Ferrer and I. Portillo, Phys.
Rev. D 101 (2020) 056012.
[15] T. Kojo, Y. Hidaka, L. McLerran and R. D. Pisarski,
Nucl. Phys. A 843 (2010) 37; T. Kojo, et al., Nucl. Phys.
A 875 (2012) 94; T. Kojo, R. D. Pisarski and A. M. Tsve-
lik, Phys. Rev. D 82 (2010) 074015; T. Kojo, Nucl. Phys.
A 877 (2012) 70; T. Kojo, Y. Hidaka, K. Fukushima, L.
D. McLerran, and R. D. Pisarski, Nucl. Phys. A 875
(2012) 94.
[16] M. Alford, J. Berges, and K. Rajagopal, Nucl. Phys. B
558 (1999) 219.
[17] E. J. Ferrer and V. de la Incera, Phys. Rev. D 102 (2020)
014010.
[18] S. Carignano, E. J. Ferrer, V. de la Incera, and L.
Paulucci, Phys. Rev. D 92 (2015) 105018.
[19] P. L. Nolan, A. A. Abdo, M. Ackermann, M. Ajello, A.
Allafort, E. Antolini, W. B. Atwood, M. Axellson, L.
Baldini, J. Ballet et al. (Fermi-LAT Collaboration), As-
trophys. J. Suppl. Ser. 199 (2012) article id. 31, 46 pp..
[20] P. Meszaros, Rept. Prog. Phys. 69 (2006) 2259; S. Raz-
zaque, Journal of Physics: Conference Series 60 (2007)
111.
[21] R. Li, J. Wang, X.-L. Qi and S.-C. Zhang, Nature 6
(2010) 284.
[22] H. Primakoff, Phys. Rev. 81 (1951) 899.
[23] R. Ruffini and S. Bonazzola, Phys. Rev. 187 (1969) 1767;
I. Goldman and S. Nussinov, Phys. Rev. D 40 (1989)
3221.
[24] I. Goldman and S. Nussinov, Phys. Rev. D 40 (1989)
3221.
[25] E. Annala, T. Gorda, A. Kurkela, J. Na¨ttila¨ and A.
Vuorinen, Nature Physics 16 (2020) 907, and extended
data.
[26] H. T. Cromartie, E. Fonseca, S. M. Ransom, P. B. De-
morest, Z. Arzoumanian, et al., Nature Astron. 4 (2019)
72.
[27] J. -P. Macquart, N. Kanekar, D. Frail and S.Ransom,
Astropys. J. 715 (2010) 939.
[28] K. Mori, E. V. Gotthelf, S. Zhang, H. An, F. K. Baganoff,
N. M. Barriere, A. M. Beloborodov, S. E. Boggs, F. E.
Christensen, W. W. Craig, et al., ApJ 770 (2013) L23;
Kennea, J. A., Burrows, D. N., Kouveliotou, C. et al.
2013, ApJL, 770 (2013) L24.
[29] L. G. Spitler, K. J. Lee, R. P. Eatough, M. Kramer, R.
Karuppusamy, C. G. Bassa, I. Cognard, G. Desvignes, A.
G. Lyne, B. W. Stappers, et al., ApJL 780 (2014) L3.
[30] C. Kouvaris and P. Tinyakov, Phys. Rev. Lett. 107
(2011) 091301; C. Kouvaris, Phys. Rev. Lett. 108
(2012) 191301; S. D. McDermott, H.-B Yu and K. M.
Zurek, Phys. Rev. D 85 (2012) 023519; J. Bramante,
K. Fukushima and J. Kumar, Phys. Rev. D 87 (2013)
055012; J. Bramante and T. Linde, Phys. Rev. Lett. 113
(2014) 191301.
[31] J. Fuller and C. D. Ott, Mon. Not. R. Astron. Soc. 450
(2015) L71.
[32] R. Garani, Y. Genolini and T. Hambye, JCAP 05 (2019)
035; M. I. Gresham and K. M. Zurek, Phys. Rev. D 99
(2019) 083008.
[33] P. L. Nolan, A. A. Abdo, M. Ackermann, M. Ajello, A.
Allafort, E. Antolini, W. B. Atwood, M. Axelsson, L.
Baldini, J. Ballet et al. (Fermi-LAT Collaboration), As-
trophys. J. Suppl. Ser. 199 (2012) 31.
[34] D. F. Figer, F. NajarroT. R. Geballe, R. D. Blum and
R. P. Kudritzki, ApJL 622 (2005) L49; B. M. Gaensler,
N. M. McClure-Griffiths, M. S. Oey, M. Haverkorn, J.
M. Dickey, and A. J. Green ApJL 620 (2005) L95; M.
P. Muno, G. C. Bower, A. J. Burgasser, M. R. Morris,
Astrophys. J. 638 (2006) 183.
